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A Real-Time Synthetic Aperture Digital Acoustic Imaging System
Abstract
We report progress with the development of a real-time, 32 element, synthetic aperture acoustic imaging
system. Construction and testing of the system hardware is now complete, enabling us to acquire raw acoustic
data and focus and display it with a frame rate of 30 Hz . Performance of the system is currently being
assessed. Images of wire targets indicate that the resolution is as predicted by simple theory. The main thrust
of our current effort is two-fold: we aim to use the system to examine "real" defects with acoustic surface waves
and longitudinal waves, but at the same time improved understanding is needed to interpret the images
obtained from more complex object fields. To this end, we are developing both theoretical and computer
models for objects such as point targets, plane specular reflectors, and cylindrical inclusions. The results
obtained from these models can be compared directly with images generated by the real-time system. It is
likely that these results are common to other synthetic aperture systems and to any high frequency inversion
process. The effects of nonlinear processing are also examined.
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A REAL-TIME SYNTHETIC APERTURE DIGITAL ACOUSTIC IMAGING SYSTEM 
S. Bennett, D. K. Peterson, D. Corl, and G. S. Kino 
Edward L. Ginzton Laboratory 
Stanford University 
Stanford, California 94305 
ABSTRACT 
We report progress with the development of a real-time, 32 element, synthetic aperture acoustic imag-
ing system. Construction and testing of the system hardware is now complete, enabling us to acquire raw 
acoustic data and focus and display it with a frame rate of 30 Hz . 
Performance of the system is currently being assessed. Images of wire targets indicate that the 
resolution is as predicted by simple theory. The main thrust of our current effort is two-fold: we aim 
to use the system to examine "real" defects with acoustic surface waves and longitudinal waves, but at the 
same time improved understanding is needed to interpret the images obtained from more complex object 
fields. To this end, we are developing both theoretical and computer models for objects such as point 
targets, plane specular reflectors, and cylindrical inclusions. The results obtained from these models 
can be compared directly with images generated by the real-time system. It is likely that these results 
are common to other synthetic aperture systems and to any high frequency inversion process. The effects 
of nonlinear processing are also examined. 
INTRODUCTION 
In this paper, we report progress in the dev-
elopment of our real-time synthetic aperture digi-
tal acoustic imaging system. Earlier stages of 
development, which we have 1e2c3ibed, include an 
8-element real-time system, • • a 32-element com-
puter-implemented system,1,2,3,4, and finally a 
32-element real-time system.5 Here we present 
recent results obtained with the 32-element real-
time system. 
The operation of the imaging system (see 
Fig. 1) may be summarized as follows: the device 
employs a multiplexer to address each element of a 
piezoelectric transducer array. In turn, a short 
pulse (typically 2.5 cycles long between 20 dB 
points}, with a center frequency of 3 - 3.5 MHz , 
is transmitted from the addressed element, and 
return echoes to the same element are digitized and 
stored in a 1024 x 8 bit RAM. This process is 
repeated for each of the 32 elements in the array. 
A focused image is formed by applying the appropri-
ate delays to each of the digitized time records 
and then summing the contributions from each ele-
ment. The delays necessary for focusing the image 
are stored in a "focus map" also held in the RAM. 
The focused data is then used to intensity modulate 
a display tube as the reconstruction takes place. 
When a complete image has been displayed, the cycle 
begins again at the data acquisition stage. New 
data is collected, focused, and displayed at the 
rate of approximately 30 frames per second. 
A software package has also recently been dev-
eloped which generates simulated echo data for 
simple objects (point and planar reflectors). This 
simulated data can be sent to the imaging system, 
quickly focused (l/30th of a second), then sent 
back to the computer for further manipulation and 
display. In this way we can compare images of sim-
ulated objects with real images of the same objects. 
In the second section, we compare the images 
derived from simulated data with those obtained 
from real targets. We have also explored the 
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effects of nonlinear processing on our acoustic 
images. The second and third sections present com-
parisons between linearly and nonlinearly processed 
images. The real-time system has been used to image 
a number of test objects and specimens with real 
defects. In the third section, we present images 
acquired with three different transducers: longi-
tudinal waves in water, surface waves on metal, and 
longitudinal waves in metal. 
IMAGING PERFORMANCE 
In this section we compare real-time images 
with their simulated analogs. Two types of objects 
are considered here: single point reflectors and 
two closely spaced point reflectors. 
The simulation of point reflectors employs a 
very simple model. The point reflector is assumed 
to be a perfect reflector with an omni-directional 
reflection pattern. Diffraction losses are ignored. 
In essence, the acoustic pulse received is just a 
replica of the transmitted acoustic pulse, with a 
time delay equivalent to the transit time from the 
transducer element to the point reflector and back. 
For the purposes of simulation, the 32-element 
transducer array is modeled as 32 equally spaced 
elements (.5 mm center-to-center) with identical 
cosine-carrier Gaussian-envelope pulses (3.3 MHz 
center frequency, 2.5 cycles between 20 dB 
points). 
The first test object chosen for comparison 
was a point reflector, on axis at 80 mm range in 
water. To obtain experimental data for this object, 
we used a .25 mm (.5 A , where A is the acoustic 
wavelength of the center frequency of the pulse) 
diameter wire. The image obtained from the simu-
lated data is shown in Fig. 2. The corresponding 
image obtained from real data is shown in Fig. 3. 
The images are presented in four different formats: 
(1) a photog:--aph of the display screen. "Tic" 
marks on all photographs represent 10 mm ; 
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Figure 1. System schematic: (a) data collection 
configuration; (b) image reconstruction 
process; (c) electronics block diagram. 
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Figure 2. Image of point reflector reconstructed 
from simulated data: (a) photo of video 
display; (b) three-dimensional plot of 
20\ x 20\ area surrounding the reflec-
tor; (c) contour diagram and cross-
section plots. 
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Figure 3. Image of thin wire ( .25 mm diameter) at 
80 mm range: (a) photo; (b) three-
dimensional plot of 20A x 20A area 
surrounding the reflector; (c) contour 
diagram and cross-section plots. 
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(2) 
(3) 
(4) 
a "3-dimensional" plot of a selected portion 
of the image, 20 Ax 20 A (9.1 mm x 9.1 mm); 
a contour plot of the same portion shown in 
the "3-D" plot. "Tic" marks on the axes 
represent A = .45 mm . Contour levels are 
at .85 , .70 , .55 , .40 , .25 , and .10 
of the maximum height; 
horizontal and vertical cross-sections 
through the contour plot. The plane of 
intersection for the hor i zonta 1 (or vert i ca 1 ) 
cross-section is indicated by the horizontal 
(or vertical) line in the contour plot. The 
corresponding cross-sections are plotted 
a 1 ong the hori zonta 1 (or vert i ca 1 ) axis. 
For ease of comparison, all graphs were nor-
malized before plotting. Image data is envelope 
detected (absolute value followed by low-pass 
filter) before displaying. 
For this imaging experiment, the range of the 
target was 80 mm , and the imaging aperture was 
16 mm . For conventional optics, this would be 
an f/5 system. However, since we use round trip 
delays, instead of one way delays for focusing, we 
effectively halve the f/number of the imaging 
system. Thus, the above experiments use an imaging 
system which has an effective f-number of F/2.5 , 
where F = f/2 is the effective f/number. To 
first approximation, th~ range resolution is deter-
mined by the pulse length, and the lateral resolu-
tion is determined by the imaging wavelength and 
f-number . Paraxial, cw optics predicts a 
lateral resolution of about FA . The range resol-
utions indicated in Figs. 2 and 3 are comparable to 
A (-.45 mm) . The lateral resolutions indicated 
in these same figures are comparable to 
FA (-1.1 mm) . The transducer array used for real 
data acquisition has two defective elements. These 
missing elements probably lead to slightly higher 
sidelobe levels and asymmetrical distribution of 
sidelobes around the main lobe.6 
A nonlinear processing scheme has been used to 
reduce sidelobe levels. The particular nonlinear 
algorithm we have chosen works as follows: 
(1) record the acoustic echo data in real-time; 
(2) read this data out to the computer; 
(3) "compress" the data by taking the square root 
of each sample; 
(4) write this "compressed" data back into the 
imaging hardware; 
(5) focus the data in real-time (in the usual 
manner); 
(6) read this focused data into the computer; and 
(7) "expand" the focused data by squaring each 
picture element. 
We are developing nonlinear amplifiers which will 
allow us to perform this processing in real-time. 
The potential benefits of nonlinear processing 
have been described elsewhere.1,2,3 The concept 
may be illustrated through a simple example. Sup-
pose the return echo from a point target to each of 
the elements is of amplitude A . After recon-
struction, the amplitude of the main lobe will be 
NA (N =number of elements in the array). The 
amplitude of the "far-out" sidelobes will be A . 
Thus, conventional linear processing yields a main 
lobe to far-out sidelobe ratio of N:1 (30 dB for 
a perfect 32-element system). With nonlinear ~re­
cessing, the main lobe leve1 is boosted to AN 
while the far-out sidelobes remain at amplitude A. 
In this way, nonlinear processing should yield a 
main lobe to far-out sidelobe ratio of N2:1 
(60 dB for a perfect 32-element imaging system). 
Nonlinear processing should, for the same reasons, 
suppress the "near-in" sidelobes (those sidelobes 
close to the main lobe). 
Figure 4 shows the simulated data reconstruc-
ted using nonlinear processing (square root com-
pression/square expansion). Figure 5 shows real 
data reconstructed using the same nonlinear algo-
rithm. The advantage of nonlinear processing is 
apparent here. For the simulated data, the first 
sidelobes ("near-in" sidelobes) have dropped from 
-14 dB for linear processing down to -25 dB for 
nonlinear processing. A similar, but not quite so 
dramatic, reduction in sidelobe levels is obtained 
using real data from the wire target. At present, 
we sample the echoes at a 10.5 MHz rate. This 
gives only 3 samples per wavelength. Using a 
small number of samples per wavelength reduces the 
amplitude of the main lobe. 
The range and lateral resolutions of real 
images are comparable to those of the simulated 
images, being approximately A and FA , respec-
tively. Nonlinear processing provides a marked 
decrease in sidelobe level without any deteriora-
tion of the single point resolution. We will show 
later that nonlinear processing sometimes intro-
duces undesirable artifacts. 
Figure 6 shows an image reconstructed from 
simulation of two point targets at a range of 
80 mm , laterally separated by 2 mm . Figure 7 
shows an image of two small wires (.25 mm diame-
ter) separated by 2 mm . The two objects are 
resolvable for both simulated and real echo data. 
The image of real data has a small bump on axis, 
behind the two wires. We believe this is due to a 
mode converted echo which returns later than the 
front face reflection. Such delayed echoes are 
also observed for single, thicker (1.25 mm diame-
ter) wire targets. Alternatively, this delayed 
echo may be due to a scattering interaction between 
the two wires. 
REAL TIME IMAGING APPLICATIONS 
In this section we present a series of images 
demonstrating the performance of the imaging system 
in a variety of practical situations. Images made 
with three different types of §rrays are shown: 
longitudinal waves in water, • surface waves on 
aluminum using an edge-bonded array,g and longitu-
dinal waves in aluminum using a new direct contact 
array.. The latter array represents an important 
extension to the imaging system for NDE applica-
tions, since it is either inconvenient or impracti-
cal to provide a water buffer between the trans-
ducer and the test specimen. A similar contacting 
shear wave transducer array is currently being 
developed. 
Figure 8 demonstrates the ability of the sys-
tem to distinguish small targets close to a large 
specular reflector. The benefits of nonlinear 
processing are clear. 
The next images (Fig. g) were obtained using 
an edge-bonded surface wave array. The surface 
waves are coupled to the test specimen by means of 
a polyethylene strip and a thin smear of liquid 
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Figure 4. Simulated echo data (same as used in 
Fig. 2) reconstructed using square root/ 
square non-linear processing: (a) photo 
of display; (b) three-dimensional plot 
of 20A x 20A area surrounding the 
reflector; (c) contour diagram and cross-
section plots. 
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Figure 5. 
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Experimental echo data (same as in Fig. 3) 
reconstructed using square root/square 
non-1 inear processing: (a) photo of dis-
play; (b) three-dimensional plot of 
20X x 20X area surrounding the reflec-
tor; (c) contour diagram and cross-
section plots. 
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Figure 6. 
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Image of two point reflectors separated 
by 2 mm reconstructed from simulated 
data: (a) plots of display; {b) three-
dimensional plot of 20X x 20X are~ sur-
rounding reflectors; (c) contour d1agram 
and cross-section plots. 
A 
B 
--I l-
Ao= 0.45 mm 
c 
Figure 7. Image of two thin wires (.25 mm diameter) 
laterally separated by 2 mm at 80 mm 
range: {a) photo of display; (b) three-
dimensional plot of 20A x 20A area sur-
rounding reflectors; (c) contour diagram 
and cross-section plots. 
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couplant (Sonotrac). The acoustic images clearly 
show the three saw cuts, the corner of the block, 
and ghost images of the saw cuts reflected in the 
corner of the block. It is also just possible to 
discern two short bars, one in the upper left cor-
ner and the other along the bottom edge of the 
image. These correspond to the two edges of the 
block, indicating that the angular acceptance of 
the array is at least +45° . The value of non-
linear processing in reducing sidelobe levels is 
apparent in the nonlinear image of Fig. 9. 
A further example of surface wave imaging is 
shown in Fig. 10. Here the test specimen was an 
aluminum plate with two fatigue cracks, measuring 
3 mm and 1 mm wide, with a width to depth ratio 
of about 2 . The cracks are closed at the surface 
to within a few hundred Angstroms. 
The images in Fig. 11 were taken with the new 
direct contact longitudinal wave array. The test 
specimen was an aluminum block with 1/16th inch 
holes drilled in it. The placement of the array 
and the block for the two viewing directions is 
indicated in Fig. 11. The two linear real-time 
images are also shown in the figure. It should be 
emphasized that these images are the first that we 
have taken using this new type of array and there-
fore represent only preliminary results. 
CONCLUSION 
We have demonstrated, by comparison of simu-
lated images with experimental images, that our 
real-time synthetic aperture acoustic imaging sys-
tem is capable of diffraction limited performance 
at a frame rate of 30 Hz . The benefits of non-
linear processing in reducing sidelobe levels have 
been illustrated for simple objects. 
We have imaged several complex objects, includ-
ing real fatigue cracks. Here, too, the improve-
ment in image quality gained by nonlinear proces-
sing is evident. It should be pointed out that the 
degree of improvement observed with point targets 
will not be seen for more complex objects. The 
images of Fig. 10 are a good example of the arti-
facts to be expected from nonlinear processing. 
With linear processing, the 3 mm fatigue crack is 
one continuous line; with nonlinear processing, the 
same crack might be interpreted as two point scat-
terers. 
Our first images taken with the new direct 
contacting longitudinal wave array are encouraging. 
We plan to continue development of this technology. 
Future effort will also be directed toward a better 
understanding of the performance of the system in 
imaging specular refl~ctors at Oblique angles and 
further exploration of the improvements afforded 
by nonlinear processing. 
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Figure 8. Image of three wires in front of a specu-
lar reflector: (a) schematic of object 
geometry; (b) real time image with 
linear processing; (c) image with non-
linear processing. 
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Figure 9. Surface acoustic wave images of a test 
block with three saw cuts along the 
edges: (a) schematic of object geometry; 
(b) real time image with linear proces-
sing; (c) image with non-linear proces-
sing. 
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Surface acoustic wave images of fatigue 
cracks in aluminum sample: (a) schem-
atic of object geometry; (b) real-time 
image with linear processing; (c) image 
with non-linear processing. 
Figure 11. 
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A 
B 
c 
Image of three 1/16 inch drill holes 
in an aluminum block: (a) schematic of 
object geometry; (b) image with array 
as shown in (a); (c) image with array 
rotated 90° from previous position. 
= 
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